Metabolism of inositol phospholipids and phosphatidylcholine was investigated in tracheobronchial epithelial cells exposed to mitogenic concentrations of crocidolite asbestos. Alterations in levels of diacylglycerol, the endogenous activator of protein kinase C, and inositol polyphosphates, presumed mobilizers of intracellular calcium, were examined. Occupational exposure to asbestos results in development of bronchogenic carcinoma, mesothelioma, and asbestosis (1). The pathogenesis of carcinoma caused by asbestos has been studied experimentally in tracheobronchial epithelial cells and organ cultures. Results suggest that asbestos is a classical tumor promoter in the development of bronchogenic carcinoma. For example, many of the effects reported in mouse skin cells exposed to tumor-promoting phorbol esters (2) occur in tracheobronchial epithelial cells exposed to asbestos (3). Additionally, asbestos acts as a tumor promoter in a "two-stage" model of carcinogenesis. Insertion of chrysotile asbestos into rodent tracheal grafts previously exposed to a chemical initiator results in the development of tumors arising from the tracheal epithelium. In contrast, fibers alone do not induce tumors (4).
Occupational exposure to asbestos results in development of bronchogenic carcinoma, mesothelioma, and asbestosis (1) . The pathogenesis of carcinoma caused by asbestos has been studied experimentally in tracheobronchial epithelial cells and organ cultures. Results suggest that asbestos is a classical tumor promoter in the development of bronchogenic carcinoma. For example, many of the effects reported in mouse skin cells exposed to tumor-promoting phorbol esters (2) occur in tracheobronchial epithelial cells exposed to asbestos (3) . Additionally, asbestos acts as a tumor promoter in a "two-stage" model of carcinogenesis. Insertion of chrysotile asbestos into rodent tracheal grafts previously exposed to a chemical initiator results in the development of tumors arising from the tracheal epithelium. In contrast, fibers alone do not induce tumors (4) .
Many of the morphological and biochemical changes expressed in cells exposed to soluble tumor promoters such as phorbol 12-myristate 13-acetate (PMA) occur after direct interaction of PMA with calcium-and phospholipiddependent protein kinase C (PKC) (5) , an enzyme implicated in cellular growth control. For example, dramatic morphological changes have been seen in rat fibroblasts that overproduce a transfected isoform of PKC (6) . Recent work from this laboratory implicates PKC in crocidolite asbestosinduced proliferation of hamster tracheal epithelial (HTE) cells, a cell type giving rise to bronchogenic tumors. For example, asbestos-stimulated induction of ornithine decarboxylase is reduced by inhibitors of PKC (7) . Because it is unlikely that soluble asbestos fibers bind directly to PKC as do the lipophilic phorbol esters, we sought to investigate other plausible mechanisms whereby asbestos fibers could initiate PKC-mediated proliferation. In this report, we present evidence that diacylglycerol (acyl2Gro), the endogenous activator of PKC, is produced upon hydrolysis of inositol phospholipids in crocidolite-stimulated HTE cells.
MATERIALS AND METHODS
Chemicals. Union Internationale Contre le Cancer reference samples of crocidolite [(Na2Fe2Fe3+(Si8022)(0H)2] asbestos were used in these studies. Riebeckite (a nonfibrous particle) and glass beads (8) Ci/mmol; 1 Ci = 37 GBq) for 24 hr and at confluency were incubated briefly (1 hr) with unlabeled medium. Agents (phospholipase C, PMA, or asbestos) then were added in fresh serum-free medium, and exposures were continued for 10-240 min. Next, cultures were rinsed with ice-cold phosphate-buffered saline, fixed in ice-cold methanol/acetic acid, 98:2 (vol/vol), scraped with a rubber policeman into glass scintillation vials, and lipids were extracted (10 tTo whom reprint requests should be addressed.
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while phospholipids remained at the origin. Alternatively, chloroform/methanol/petroleum ether/96% (vol/vol) acetic acid/boric acid, 40:20:30:10:1.8 (vol/vol/vol/vol/wt) (12) was used to separate phospholipid species on boric acidtreated plates. Migration of all species was verified with unlabeled standards. Fractions were visualized with iodine vapor and scraped into scintillation vials for quantitation as described (13 Pilot experiments indicated that this procedure allowed maximal labeling of cellular inositol pools without loss of cell viability. LiCl (final concentration, 10 mM) was added just before incubations with crocidolite or bombesin to inhibit inositol-1-phosphatase (14) . Bombesin was used as a positive control because it induced dosage-dependent increases in DNA synthesis and production of inositol polyphosphates in HTE cells (A.S., unpublished data). After exposures of 10-120 min, medium was removed from cultures, and monolayers were fixed in ice-cold chloroform/methanol/hydrochloric acid, 1:2:0.05 (vol/vol/vol) as described (15) . Cells then were scraped into glass vials and extracted by adding chloroform and H20. After brief centrifugation at 200 x g, inositol and inositol polyphosphates were separated on Dowex (formate form) columns and quantified as described (16) . The efficiency of this extraction procedure was >90% when 0.01 ,Ci of tritiated inositol phospholipid standards were tested under identical conditions. Statistical Methods. Data were analyzed by a one-way analysis of variance (ANOVA) using independent comparisons and Fisher's F test of statistical significance (17) . The sample population generally consisted of n = 3 or n = 4 per group, and experiments were repeated two to three times. RESULTS Crocidolite asbestos induces a biphasic response in assays of colony-forming efficiency, a highly sensitive indicator of cellular proliferation. Concentrations of crocidolite at 0.05 or 0.1 gg/cm2 dish induce proliferation, whereas concentrations exceeding 1 A&g/cm2 dish are cytotoxic (18) . In studies here, we examined the influence of growth-stimulatory concentrations of crocidolite on the distribution of radioactivity in neutral lipid fractions of HTE cells (Table 1) . Lengthy exposures (10-120 min) were used because many cellular responses to asbestos fibers are protracted compared with those induced by soluble tumor promoters. For instance, PMA-induced activation of ornithine decarboxylase occurs in 60-120 min, whereas maximal induction of ornithine decarboxylase by asbestos requires continuous exposure of cells for 240 min (7) . Pilot experiments indicated that addition of phospholipase C at 0.025 unit/ml resulted in the rapid production of acyl2Gro from [3H]glycerol-labeled phospholipid pools (data not shown). Indeed, phospholipase C elicits responses similar to those induced by PMA (19) or peptide hormones (20) in many cell types.
Reductions in phospholipid radioactivity at all concentrations of crocidolite (Table 1) suggested that fibers induced phospholipid metabolism at 120-min exposure. However, statistical analysis of the data could distinguish only 0.1 ,ug of crocidolite per cm2 dish as significant when compared independently with the untreated control. Notably, this concentration of crocidolite also caused proliferation of HTE cells in the colony-forming efficiency assay (18) . The variability inherent in these measurements was evident by the temporally inconsistent reductions in phospholipid radioactivity induced by phospholipase C.
The radioactivity appearing in acyl2Gro and monoacylglycerol fractions also is presented in Table 1 . Phospholipase C catalyzed accumulation of acyl2Gro at all exposure periods and also induced formation of monoacylglycerol metabolites (probably through the concerted action of endogenous acyl2Gro lipase). Treatment of cells with crocidolite at 0.1 Proc. Natl. Acad Sci. USA 87 (1990) ,ug/cm2 dish also elevated both monoacylglycerol and acyl2Gro metabolites at 120-min exposure as compared with the untreated control. Other treatments (120-min exposure to crocidolite at 0.5 pug/cm2 dish) appeared to induce similar increases in these minor lipid fractions. Both growth-stimulatory (0.1 .ug/cm2 dish) and cytotoxic (5.0 pg/cm2 dish) concentrations of crocidolite were examined further for their capacity to stimulate phospholipid metabolism (Fig. 1) . Exposures lasted 120 min because this duration maximally changed neutral lipid metabolism in previous experiments. Crocidolite at 0.1 Ag/cm2 dish significantly decreased radiolabeled phospholipids and concomitantly increased radiolabeled acyl2Gro. The magnitude of these changes resembled those obtained with phospholipase C. Other concentrations of asbestos did not increase acyl2Gro, although crocidolite at 5 pg/cm2 dish, a cytotoxic concentration of asbestos, elevated triacylglycerol; the physiological significance of this effect is unclear. The lowest concentration of crocidolite increased triacylglycerol radioactivity but did not affect levels of radioactive monoacylglycerol. Separation of the phospholipids by TLC using a second solvent system failed to reveal the source of the acyl2Gro induced by crocidolite at 0.1 Ag/cm2 dish. In that analysis, statistically significant changes were evident only in the neutral lipid fraction, whereas the various phospholipid fractions appeared unchanged (data not shown).
To determine whether the observed stimulation of phospholipid metabolism was caused by nonspecific perturbation of cell membranes by nonfibrous particles, HTE cells were exposed to riebeckite (the chemically identical nonfibrous analog of crocidolite) and glass beads (8) . Exposure of cells for 120 min to either particulate at concentrations from 0.1 to 5 pg/cm2 dish caused no detectable changes in phospholipid metabolites (data not shown). These results are consistent with the biological behavior of these particulates in biological assays. Glass beads are not growth-stimulatory, and riebeckite is much less potent than crocidolite in eliciting cellular proliferation (18) .
Effects of Phorbol Esters. To assess the influence of soluble tumor promoters on phospholipid metabolism, neutral lipid fractions of cultures exposed for 30 min to PMA at 10 and 100 ng/ml were examined (Fig. 2) . These concentrations of PMA alter HTE cells morphologically and induce ornithine decarboxylase activity (7) but did not cause accumulation of acyl2Gro (Fig. 2) . Decreased radioactivity in the phospholipid fraction and increased radioactivity in the triacylglycerol fraction were noted in cells exposed to PMA at 100 ng/ml. These phenomena have been reported (21, 22) (11) such that 78% of radiolabel occurred in PtdCho pools and then were exposed to asbestos or PMA. No elevations in radiolabeled acyl2Gro or reductions in radiolabeled phospholipids were seen in asbestos-stimulated cells at any exposure (data not shown). In contrast, cells exposed to PMA had reduced phospholipid radioactivity at all times with significant elevations in radiolabeled acyl2Gro seen as early as 30 min after addition. Enhanced radioactivity in the triacylglycerol fraction occurred after 60-and 120-min incubations with PMA, suggesting that elevated triacylglycerol noted earlier in [3H]glycerol-labeled cells (Fig. 2) may have resulted from PtdCho hydrolysis.
To confirm that asbestos did not induce turnover of PtdCho, we measured the release of [3H]choline-containing metabolites from prelabeled cells using a described assay (27) for PMA-induced phospholipid metabolism. Fig. 3 shows that cells exposed to PMA at 100 ng/ml released metabolites of
[3H]choline into the growth medium at 30 min of exposure and continuously thereafter, whereas crocidolite-exposed cultures did not differ from untreated controls. Thus, results of experiments using both [3H]myristic acid and [methyl-3H]choline chloride suggest that crocidolite asbestos, unlike PMA, does not induce PtdCho turnover.
Inositol Phosphate Production in Asbestos-Exposed Cells.
To investigate whether growth-stimulatory concentrations of crocidolite elicited hydrolysis of inositol phospholipids, HTE cells were labeled with [3H]myo-inositol, and the production ofwater-soluble metabolites ofinositol was monitored (Table  2) . While bombesin appeared to induce production of inositol polyphosphates at all time periods, statistically significant increases in inositol tetrakisphosphates were seen only at 10-min exposure. Significant increases were detected in the inositol tetrakisphosphate fractions of cells exposed to crocidolite at 0.1 Ag/cm2 dish at 10-, 30-, and 60-min exposure. Additionally, elevations were seen in the inositol trisphosphate fraction of cells exposed briefly (10 min) to this concentration of fibers. At later times (30-min exposure), increased inositol bisphosphate was seen (data not shown), as was accumulation of inositol monophosphates (Table 2) .
Consistent increases in inositol metabolites also were seen in response to crocidolite at 0.05 ug/cm2 dish, a proliferative concentration of asbestos in the colony-forming efficiency (18) . Crocidolite at 0.5 pAg/cm2 dish, a concentratil asbestos that appears neither stimulatory nor cytotl elicited levels of inositol phosphates approximating tho untreated controls. The nonfibrous mineral, riebeckit 0.05, 0.1, 0.5, or 1 tLg/cm2 dish), did not induce turnovi inositol phospholipids when tested in similar exposures not shown). DISCUSSION Occupational exposure to asbestos has been associated increased risks of malignancies and fibrotic lung disease However, the mechanism(s) of altered cellular prolifer; and differentiation by asbestos are unclear. Results indicate that crocidolite asbestos elicits changes in phos 15a 10 a) 0) i: 5a *^,* lipid metabolism distinct from those induced by phorbol diesters. Detection of products of inositol phospholipid hydrolysis-i.e., acyl2Gro and inositol phosphate(s)-in asbestos-exposed cells strongly suggests that activation of phospholipase C occurs in response to fibers.
The observation that growth-stimulatory, but not cytotoxic, concentrations of crocidolite elicit metabolism ofinositol-containing phospholipids is exciting and has broad implications for research on Proc. Natl. Acad Sci. USA 87 (1990) n~o The generation of acyl2Gro and inositol phosphate(s) by a fibrous mineral agrees with previous observations from this laboratory (7, 18) and others (29) demonstrating the importance of fibrous geometry in eliciting cellular responses. In studies here, nonfibrous particulates such as riebeckite and glass beads did not stimulate production of either acyl2Gro or inositol phosphate(s).
The delay in appearance of acyl2Gro after exposure of HTE cells to crocidolite was suggestive of a recently described pathway for generation of acyl2Gro from PtdCho (11, 24, 30, 31) . However, experiments here demonstrate that asbestos does not induce PtdCho turnover.
Radiolabeling of inositol phospholipid pools with [3H]myoinositol enabled detection of inositol phosphates within 10 min after asbestos addition. The rapidity of this response is considerably slower than the metabolism of inositol phospholipids measured in hormone-stimulated cells (23) . However, a 10-min delay preceding a biological response to asbestos is not unreasonable because crocidolite fibers (i) must contact the target cells physically (i.e., settle out of suspension) before stimulating biochemical responses, and (ii) activate cellular responses nonspecifically (in a nonreceptor-mediated manner).
Longer exposures (120 min) were required for asbestosinduced generation of acyl2Gro in [3H]glycerol-labeled cells. This delay is similar to a second phase of inositol phospholipid hydrolysis described in other experimental systems (25) . Other investigators have shown that rapid increases in acyl2Gro result from hydrolysis of inositol phospholipids, a minor fraction of cellular phospholipids, whereas prolonged elevations in acyl2Gro may arise from hydrolysis of phosphatidylinositol (26) . The acyl2Gro detected at 120-min exposure of HTE cells to asbestos may result from the hydrolysis of [3H]glycerol-labeled phosphatidylinositol because this phospholipid species (i) constitutes a much larger fraction of cellular phospholipids radiolabeled with [3H]glycerol than does phosphatidylinositol bisphosphate and (ii) has been shown to be hydrolyzed during the prolonged phase of the biphasic acyl2Gro response (26) . In contrast, inositol polyphosphates detected in [3H]myo-inositol-labeled cells exposed to crocidolite presumably arise from hydrolysis of phosphatidylinositol bisphosphate because all inositol polyphospholipids are readily labeled by [3H]myo-inositol. Thus, our demonstration of relatively rapid increases in inositol phosphate(s) and delayed elevations in acyl2Gro suggest that crocidolite may elicit a biphasic hydrolysis of inositolcontaining lipids.
Asbestos is multifactorial in its effects on target cells (3). Therefore, other explanations for the protracted accumulation of acyl2Gro cannot be overlooked. De novo synthesis of membrane components necessary for endocytosis could result in significant delays before appearance of acyl2Gro. However, the acyl2Gro detected in our studies probably did not arise de novo because HTE cells were labeled to metabolic equilibrium and not to high specific activity at glycolytic pools.
Our studies provide insight into the mechanisms of cellular stimulation by crocidolite asbestos, a putative tumor promoter in cells of the respiratory tract. Although both fibrous asbestos and the soluble tumor promoter PMA cause proliferative changes in HTE cells, the metabolism of phospholipids induced by the two agents is dissimilar. PMA activates hydrolysis of PtdCho either before or after its direct and exogenous activation of PKC. In contrast, crocidolite does not induce metabolism of PtdCho but stimulates turnover of inositol phospholipids to initiate an activational cascade of events culminating in cellular proliferation. Thus, these seemingly unrelated tumor promoters may exert some of their promotional effects through activation of distinct phospholipid pathways initiated at the plasma membrane.
